further studies comprising other neural tracts except for the corticospinal tract including the extrapyramidal tracts such as the corticoreticulospinal and neural tracts which are related with apraxia, are necessary.
Introduction
Middle cerebral artery (MCA) infarct is the most common type among the cerebral vascular territory infarcts [1] . In addition, patients with MCA infarct are known to become highly dependent for daily activities [1] [2] [3] . That seems to be related to the characteristics of the MCA territory for motor function. The MCA territory comprises the corticospinal tract (CST) which is mandatory for fine motor activity of hand, the corticoreticulospinal tract which is involved in postural control and locomotor function, the corticofugal fibers which are responsible for limb-kinetic apraxia, and the anterior portion of superior longitudinal fasciculus which is related with ideomotor apraxia [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Elucidation of the mechanisms of motor recovery in stroke is important because such information could provide the scientific information for stroke rehabilitation and for prediction of prognosis. Therefore, many studies have tried to clarify the motor recovery mechanisms in
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Eur Neurol 2012;68:234-239 235 stroke and several recovery mechanisms have been suggested: the ipsilateral motor pathway from the unaffected motor cortex to the affected extremities, perilesional reorganization, recovery of a damaged lateral CST and contribution of the secondary motor area [17] [18] [19] . However, as for the patients with MCA infarct, relatively fewer studies have reported on the mechanisms of motor recovery compared to total number of studies about cerebral infarct, consequently, the mechanisms of motor recovery in MCA infarct have not been clearly elucidated so far [20] [21] [22] [23] [24] [25] [26] [27] .
In the current study, we reviewed previous studies with regard to the mechanisms of recovery in patients with MCA infarct. Relevant studies were identified using the following electronic databases: PubMed and MED-LINE, from 1966 to 2012. The following key words were used: stroke, MCA, cerebral infarct, CST, corticoreticulospinal tract, brain plasticity, rehabilitation, motor recovery, functional recovery, hemiparesis, diffusion tensor imaging (DTI), diffusion tensor tractography (DTT), functional MRI (fMRI) and transcranial magnetic stimulation (TMS). We confined to the pure motor recovery mechanism excluding apraxia-related or intervention-induced motor recovery. In addition, we excluded the studies on cortical peri-infarct reorganization after primary motor cortex infarct because this topic was already reviewed in detail by a previous review paper [28] . Eight studies on the mechanisms of motor recovery in MCA infarct were selected for this review [20] [21] [22] [23] [24] [25] [26] [27] . These studies were classified according to the following four motor recovery mechanisms: the contribution of premotor cortex (PMC), subcortical peri-infarct reorganization, ipsilateral motor pathway and contribution of aberrant motor pathway.
Contribution of the Premotor Cortex
The PMC is an important area in terms of motor recovery for the following reasons. First, the corticoreticulospinal tract, which innervates the proximal muscles of extremities and axial muscles as one of the extrapyramidal motor pathways, originates mainly from the PMC [7, 9, 12, 13, 29] . Second, the CST originates from a variety of areas in the cerebral cortex including the PMC [4, 16, 30, 31] . It was reported in monkeys that 31% of the descending fibers in the pyramid come from the primary motor cortex, 29% from the PMC, and 40% from the parietal lobe [31] . Finally, one of the important roles of the PMC is planning of motor execution [32] [33] [34] .
Two studies have reported on the contribution of the PMC for motor recovery in patients with MCA infarct [25, 26] . In 1998, Seitz et al. [26] recruited 7 patients with MCA infarct who showed marked recovery of hand function after severe hemiparesis. They found that the bilateral PMC was activated during affected finger movements without the activation of the primary sensorimotor cortex of either hemisphere by positron emission tomography. The motor-evoked potentials in the hand and leg muscles contralateral to the infarcts were normal. Therefore, they suggested that motor recovery in these patients appeared to rely on activation of the PMC of both cerebral hemispheres. Subsequently, Miyai et al. [25] compared the characteristics of motor recovery according to the presence of PMC lesions in 31 patients with MCA infarct. They found that patients with intact PMC showed better recovery in terms of mobility and motor function of the hip than patients with PMC lesion. As a result, they concluded that the presence of PMC involvement could affect the recovery of locomotor function in patients with MCA infarct.
Subcortical Peri-Infarct Reorganization
Peri-infarct reorganization indicates the transfer of motor function into adjacent areas of an infarct. There have been many studies on peri-infarct reorganization of affected motor function in stroke patients [28, [35] [36] [37] [38] [39] [40] . However, the majority of these studies have been focused on peri-infarct reorganization at the cortical level [28, 35, 36, 38, 40] . The recent development of DTI allows analysis of motor pathways at the subcortical level and several studies have reported on peri-infarct reorganization at the subcortical level [20-22, 35, 39] . To the best of our knowledge, three studies have reported on peri-infarct reorganization in the subcortical white matter after MCA infarct [20] [21] [22] .
In 2009, Jang [22] reported on a patient whose leg motor function appeared to be reorganized into the region of the wall of the lateral ventricle following a MCA infarct, using DTT, fMRI and TMS. The patient presented with complete paralysis of the right extremities at the onset of left MCA infarct, and recovered slowly, to the point of being able to extend the affected knee against resistance by 9 months without recovery of the affected hand. The affected CST descended through the medial corona radiata at or around the wall of the lateral ventricle on DTT. TMS (the motor-evoked potential obtained from the affected leg muscle showed the charac-teristics of the CST in terms of latency (34.0 ms) and amplitude (2.0 mV)) and fMRI (the contralateral primary sensorimotor cortex was activated during the affected knee movements) for motor function of the affected leg showed results compatible with those for the lateral CST. Findings from this study indicated the importance of the subventricular zone, which is known to have potential for neurogenesis, even in the mature brain [41] . Subsequently, Hong and Jang [20] reported on a patient who recovered via the spared anterior choroidal artery territory following a MCA infarct, using DTT, TMS and fMRI. The patient presented with complete paralysis of the left extremities at the onset of MCA infarct. Motor function of the affected extremities recovered to a nearly normal state 6 months after onset. The 2-week DTT for the CST showed interruption below the infarct. However, the affected CST on 6-month DTT descended through the spared periventricular area (anterior choroidal artery territory) along the known CST pathway. TMS (the motor-evoked potential obtained from the affected hand muscle showed the characteristics of the CST in terms of latency (23.4 ms) and amplitude (1.3 mV)) and fMRI (the contralateral primary sensorimotor cortex was activated during the affected hand movements) revealed that the motor pathway for the affected hand was compatible with the lateral CST. As a result, they concluded that motor function of the affected hand seemed to be recovered by the CST that passed through the spared anterior choroidal artery territory following a MCA infarct. Recently, Hong and Jang [21] demonstrated perilesional reorganization in a patient with a MCA infarct, using DTT analyzed using fMRI activation results. The patient presented with complete paralysis of the right extremities at onset of the left MCA infarct. His hand function recovery was slow and he gained the ability to extend the affected fingers against gravity 3 years after stroke onset. The CST of the affected hemisphere originated from the primary motor cortex and descended along the anterior portion of the infarcted area at the centrum semiovale and spared the periventricular area at the middle corona radiata. At the centrum semiovale and corona radiata of the affected hemisphere, the affected CST was located anteriorly, compared with the CST of the unaffected hemisphere. Therefore, they suggested that the motor function of the affected hand seemed to have been reorganized into anterior areas of the infarcted centrum semiovale and corona radiata.
Ipsilateral Motor Pathway
The ipsilateral motor pathway is the neural pathway from a motor cortex to the same extremities. The ipsilateral motor pathway is a normal motor control pathway and has been accepted as one of the recovery mechanisms of stroke [42] [43] [44] . Among the mechanisms of motor recovery after stroke, the ipsilateral motor pathway from the unaffected motor cortex to the affected extremities has been the most actively researched [43] . It is important because it is related to poor motor outcome and can change with time or manipulated by various rehabilitative interventions [42, 43, [45] [46] [47] [48] [49] . However, only P ET = Positron emission tomography; TMS = transcranial magnetic stimulation; MRI = magnetic resonance imaging; DTT = diffusion tensor tractography; fMRI = functional magnetic resonance imaging (the motor tasks of all fMRI studies were grasp-release movements of hand except for Kato's study which employed hand grasping).
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In 2001, Kato et al. [23] reported on a patient who showed ipsilateral motor pathway following a MCA infarct. The left hemiparesis of the patient recovered excellently following a right MCA infarct and fMRI was performed at 6 years after onset. During right (unaffected) hand grasping, activation was seen in the left (unaffected) sensorimotor cortex and supplementary motor areas. During the affected (left) hand grasping, activation was seen in the unaffected (left: ipsilateral) sensorimotor cortex, right parietal cortex and bilateral supplementary motor areas. Near infrared spectroscopy and TMS showed similar results. Therefore, the findings of the three techniques indicated that the recovery of the left hemiparesis of this patient had been recovered by motor cortical area reorganization including the ipsilateral motor cortex. Recently, Yeo and Jang [27] reported on a patient with a MCA infarct who showed an ipsilateral motor pathway without the contralateral motor pathway on fMRI and DTT. The patient revealed severe left hemiplegia following an infarct in the right MCA. During a 3-month period after onset, motor function of the affected (left) hand had recovered slowly to the extent that the patient was able to overcome gravity. fMRI showed that only the unaffected primary sensorimotor cortex was activated by movements of the unaffected hand or of the affected hand. On DTT, the CST in the unaffected hemisphere originated from the primary sensorimotor cortex and descended through the known CST pathway. By contrast, the CST in the affected hemisphere revealed an interruption with wallerian degeneration to the upper medulla. They concluded that motor function of the affected hand appeared to have been reorganized to the ipsilateral motor pathway from the unaffected motor cortex to the affected hand.
Contribution of Aberrant Motor Pathway
In 2010, Lindenberg et al. [24] suggested that the alternate motor pathway at the brainstem could contribute to the motor recovery in patients with MCA infarct. They recruited 35 chronic patients with varying degrees of recovery and classified them into three groups using DTT findings for motor tracts. The motor functions of the affected side were better in the following order: patients who had both pyramidal tract and alternate motor fibers in the posterior pons, patients who had alternate motor fibers in the posterior pons without the pyramidal tract involvement, and patients who did not have any fibers of the pyramidal tract or alternate motor fibers in the posterior pons. These results seemed to suggest that the alternate motor fibers in the posterior pons could contribute to motor recovery in patients with MCA infarct. Although they did not declare the exact pathway of the alternate motor fibers in their study, the alternate motor fibers appeared to be the aberrant pyramidal tract which separates from the original pyramidal tract at the level of the midbrain and the pons and descends through the medial lemniscus [50] [51] [52] [53] . It is well known that the pyramidal tract has collateral pathways [54, 55] . The aberrant pyramidal tract is a collateral pathway of the pyramidal tract and existence of the aberrant pyramidal tract has been demonstrated by various methods, including pathological, electrophysiological and radiological [50] [51] [52] [53] 56] . In addition, recently, the aberrant pyramidal tract has been suggested as a motor recovery mechanism in patients with an infarct in the pons, midbrain and corona radiata [57] [58] [59] .
Conclusion
In the current study, 8 studies were classified by the following motor recovery mechanisms: contribution of the premotor cortex (2 studies), subcortical peri-infarct reorganization (3 studies), ipsilateral motor pathway (2 studies) and contribution of the aberrant motor pathway (1 study) [20] [21] [22] [23] [24] [25] [26] [27] . The MCA territory is an important area for motor function because it is comprised of the CST, the corticoreticulospinal tract and neural tracts which are related with apraxia [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In addition, the MCA occupies the largest area among the cerebral artery territories and has many branches. This means that MCA infarct can cause various and serious motor dysfunction, consequently, there is a possibility that various mechanisms of motor recovery can occur after MCA infarct. Therefore, for the best outcome of the patients with MCA infarct, it seems that clinicians should understand the possible motor recovery mechanism which is most beneficial for a patient and facilitate that recovery mechanism through the rehabilitative interventions irrespective of motor outcome of each motor recovery mechanism. In spite of the characteristics of MCA territory for motor function, fewer studies have reported on the motor recovery mechanisms in MCA compared to total number of studies about cerebral infarct. In addition, the majority of these studies have focused on the CST. We believe that the total number of studies on this topic should be increased. Furthermore, further studies comprising other neural tracts including the extrapyramidal tracts such as the corticoreticulospinal tract and the neural tracts which are related with apraxia, are necessary.
